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,QWURGXFWLRQ
3RO\PHUHOHFWURO\WH IXHO FHOO 3()& V\VWHPV DUH H[WUHPHO\ HIILFLHQW RYHU DZLGH VFDOH UDQJLQJ IURP N: WR
KXQGUHGVRIPHJDZDWWVDQGVRPHV\VWHPVFDQDFKLHYHRYHUDOOHIILFLHQFLHVRIRUPRUHZKHQKHDWSURGXFWLRQLV
FRPELQHG ZLWK SRZHU JHQHUDWLRQ 7KH\ DUH EHFRPLQJ WKH FHQWHU RI DWWHQWLRQ DV DQ DOWHUQDWLYH SRZHU VRXUFH IRU
YHKLFOH DQG VWDWLRQDU\ DSSOLFDWLRQVGXH WR WKHLU DELOLW\ WRSURGXFHKLJKSRZHUGHQVLWLHVXQGHU UDSLG ORDG FKDQJHV
$OWKRXJKDVXEVWDQWLDODPRXQWRIUHVRXUFHVKDVEHHQGHYRWHGRYHU WKHSDVWVHYHUDOGHFDGHVWR WKHGHYHORSPHQWRI
3()&V\VWHPVWKH\DUHQRW\HWFRPPHUFLDOO\YLDEOHGXHWRVHYHUDOWHFKQLFDOEDUULHUV2IWKHPDQ\EDUULHUVFRVWDQG
GXUDELOLW\ SUHVHQW WZR RI WKH PRVW VLJQLILFDQW FKDOOHQJHV WR DFKLHYLQJ UHOLDEOH FRVWHIIHFWLYH 3()& V\VWHPV ,Q
DGGLWLRQ3()&SHUIRUPDQFHPXVWPHHWRUH[FHHGWKDWRIFRPSHWLQJWHFKQRORJLHV7KHUHIRUHVRXJKWDIWHUPHWKRGV





3()&V LV PJFP LQ FRPELQHG DQRGH DQG FDWKRGH HOHFWURGHV RU OHVVZKLOH SURGXFLQJ UDWHG VWDFN SRZHU
GHQVLWLHVRIN:J3W7RDFKLHYH WKH'2(¶V WDUJHW DNH\ VROXWLRQ LV WKHGHVLJQ DQGXVHRI WKLQFDWDO\VW OD\HUV
&/V7KHOLPLWLQJIDFWRULQWKLQ&/GHVLJQLVEHOLHYHGWREHKLJKJDVWUDQVSRUWUHVLVWDQFHGXHWRWKHLRQRPHUILOP
FRYHULQJ WKHFDWDO\VWSDUWLFOHVDVZHOODV LVVXHVRI WROHUDQFH WRSRLVRQLQJ>@ ,QDGGLWLRQ WKHSHUIRUPDQFHRI WKLQ
&/VLVVHQVLWLYHWRRSHUDWLQJWHPSHUDWXUHVGXHWRWKHLULQKHUHQWORZZDWHUFDSDFLW\DVWKHWKLFNQHVVRID&/LVRIWHQ
LQWKHUDQJHRIIHZPLFURQV>@$WORZWHPSHUDWXUHVWKH\DUHSURQHWRVHYHUHZDWHUIORRGLQJZKLFKLVSUREOHPDWLF
VLQFH WKH ORZWHPSHUDWXUH RSHUDWLRQ LV YLWDO IRU UDSLG VWDUWXS DQG DWWDLQLQJ UHODWLYHO\ KLJK FXUUHQW GHQVLWLHV
7KHUHIRUHZDWHUPDQDJHPHQW LVDQHVSHFLDOO\FULWLFDOFRPSRQHQWIRU3()&RSHUDWLRQZLWK WKLQ&/VHVSHFLDOO\DW




$ FULWLFDO LVVXH IRURSWLPDOZDWHUPDQDJHPHQW LQ3()&V DW ORZHU WHPSHUDWXUHV LV WKH UHPRYDO RI OLTXLGZDWHU










2.1. Adhesion force 
7KHDGKHVLRQ IRUFH UHSUHVHQWV WKH UHVLVWDQFH IRUFH WKDW DGURSOHW QHHGV WRRYHUFRPH WR LQLWLDWHPRWLRQ DORQJD
VXUIDFHZKLFKFDQEHFRUUHODWHGZLWKWKHVOLGLQJDQGFRQWDFWDQJOHVRIDGURSOHWE\DJUDYLW\ILHOG>@7KHFRQWDFW
DQG VOLGLQJ DQJOHPHDVXUHPHQWVZHUH GRQHZLWK D FXVWRPPDGH DXWRPDWHG URWDWLQJVWDJH JRQLRPHWHU UDPpKDUW
0RGHODVVKRZQLQ)LJD7KHV\VWHPXWLOL]HGD&&'FDPHUDISVRIîSL[HOVWRFDSWXUHLPDJHV
HYHU\TXDUWHUVHFRQGZLWKWZR:KDORJHQODPSVXVHGDVDEDFNOLJKW7KH*'/VDPSOHZDVILUVWSODFHGRQWKH
VDPSOHVWDJH DQG WKHQ OLTXLGZDWHUZDV LQMHFWHG IURP HLWKHU DERYH WKH VDPSOH E\ D QHHGOH RU WKH ERWWRP RI WKH
VDPSOHXVLQJDQDXWRPDWHGGLVSHQVLQJV\VWHP7KHFDPHUDZDVPRXQWHG WRD VWDJH WKDWZDV LQFOLQHGE\D URWDU\
PRWRU DW D FRQVWDQW DQJXODU VSHHG 7KH URWDU\ PRWRU FDQ RSHUDWH DV ORZ DV V0RYHPHQW RI WKH VWDJH ZDV
YLEUDWLRQIUHH ZLWK QR EDFNODVK DQG YLEUDWLRQV IURP VXUURXQGLQJV ZHUH LVRODWHG IURP WKH VWDJH XVLQJ DQ DQWL



















DGKHVLRQ    
ZKHUHULVWKHZDWHUGHQVLW\VLVWKHGURSOHWYROXPHgLVWKHJUDYLWDWLRQDODFFHOHUDWLRQFRQVWDQWTsLVWKHVOLGLQJ
DQJOH DQGdw LV WKHZHWWHG GLDPHWHU 7KHZHWWHG GLDPHWHU UHSUHVHQWV WKH HTXLYDOHQW GLDPHWHU RI WKHZHWWHG DUHD
EHWZHHQWKHGURSOHWDQG*'/VXUIDFHDVVKRZQLQ)LJE
2.2. Breakthrough pressure 
%UHDNWKURXJKSUHVVXUHLVDFKDUDFWHULVWLFSDUDPHWHUIRUSRURXVPDWHULDOVXFKDVIXHOFHOO*'/V,WLVUHODWHGWRWKH




TJ FRV    
ZKHUHT LV WKHFRQWDFWDQJOHEHWZHHQZDWHUDLUDQG*'/SRUHr LV WKHUDGLXVRIDSRUHPL LV WKH OLTXLGSKDVH
SUHVVXUH DQGPG LV WKH JDVSKDVH SUHVVXUH >@:DWHU LQYDVLRQ LQWR D K\GURSKRELF *'/ XVXDOO\ IROORZV D SDWK
ZKHUHE\SRUHVZLWKODUJHUFRQQHFWLQJWKURDWUDGLLDUHILOOHGILUVW%UHDNWKURXJKSUHVVXUHPBTUHIHUVWRWKHPD[LPXP
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
*DVGLIIXVLRQ OD\HUV *'/V DUH W\SLFDOO\ WUHDWHG ZLWK 37)( WR LQFUHDVH K\GURSKRELFLW\ DQG HQKDQFH ZDWHU
UHPRYDO FDSDELOLW\ VHH VFDQQLQJHOHFWURQPLFURVFRSH LPDJHV LQ)LJ7KHVH FRDWLQJV FDQ DIIHFW WKH*'/SRUH
YROXPHV DQG WKURDW UDGLL LQIOXHQFLQJ WKH EUHDNWKURXJK SUHVVXUH HVSHFLDOO\ DV WKH FRDWLQJV DUH NQRZQ WR EH QRQ
XQLIRUP7RPHDVXUHEUHDNWKURXJKSUHVVXUH*'/VDPSOHVZHUHKHOGLQSODFHRQWKHLQMHFWLRQSRUWSODWHXVLQJ0
GRXEOHVLGHGWDSH$Q2PHJD3;VHULHVSUHVVXUHWUDQVGXFHUZDVXVHGWRPHDVXUHSUHVVXUHDWDVDPSOLQJUDWHRI
 +] ,QMHFWLRQ UDWHV ZHUH FRQWUROOHG GLJLWDOO\ XVLQJ DQ DXWRPDWHG GLVSHQVLQJ V\VWHP ZKLFK ZDV URXWLQHO\
PRQLWRUHG IRU DQG SXUJHG RI DLU EXEEOHV WR HQVXUH FRQVLVWHQW UHVXOWV %UHDNWKURXJK SUHVVXUHZDV GHWHUPLQHG E\
H[DPLQLQJWKHPD[LPXPSUHVVXUHDFKLHYHGGXULQJDQLQMHFWLRQSHULRG$QH[DPSOHRIW\SLFDOFDSLOODU\SUHVVXUHGDWD
UHFRUGHGRYHUDSHULRGRIWLPHLVVKRZQLQ)LJF$QDO\]LQJ)LJFWKHLQLWLDOSUHVVXUHVLJQDOLVGXHWRWKHKHDG
IURPZDWHU WUDYHOLQJ WKURXJKV\VWHPOLQHV GHILQHGDVV\VWHPSUHVVXUHRUPsysDQGILOOLQJYRLGVSDFHEHWZHHQ WKH
*'/DQGLQMHFWLRQSRUWDQGWKHQDVWHHSFOLPEEHJLQVGXHWRZDWHUEHLQJIRUFHGLQWR*'/SRUHV7KHVORSHRIWKH
FXUYH LV DWWULEXWDEOH WR H[SDQVLRQRI WKH LQMHFWLRQ V\VWHPEHIRUH UHDFKLQJ DPD[LPXPZKLFK LV DFFRPSDQLHGE\
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IRXQGWREHVLJQLILFDQWIRUWKHERWWRPLQMHFWLRQZKLFKDVVLVWVWKHGURSOHWDGKHVLRQZLWKWKH*'/VXUIDFHZKHUHDV
ERWKWKHµSLQQLQJ¶DQGµGHZHWWLQJ¶SKHQRPHQDDUHSUHVHQWIRUDGURSOHWSODFHGRQWRSRID*'/VXUIDFHXVLQJWKHWRS
LQMHFWLRQ+HUH WKHSLQQLQJ UHSUHVHQWV WKH VFHQDULRZKHQ WKH VROLGOLTXLGFRQWDFW OLQH UHPDLQVSLQQHG WR WKH*'/




DQG LW LQFUHDVHV DQG WKHQ DJDLQ GHFUHDVHV DV WKH GURSOHW VL]H GHFUHDVHV GXH WR HYDSRUDWLRQ +HUH WKH DGKHVLRQ








 /V FRUUHVSRQGV WR DZDWHU IOX[ GHULYHG IURP D FXUUHQW GHQVLW\ RI $FP DVVXPLQJ D QHWZDWHU WUDQVSRUW
FRHIILFLHQWRILQWKHPHPEUDQHRI3()&7KHHIIHFWRILQMHFWLRQUDWHRQWKHDGKHVLRQIRUFHLVVKRZQIRUD37)(
WUHDWHG *'/$V REVHUYHG LQ )LJ E WKH DGKHVLRQ EHWZHHQ WKH ZDWHU GURSOHW DQG*'/ VXUIDFH GHFUHDVHV ZLWK
LQMHFWLRQ UDWH ,Q RWKHUZRUGV IDVWHU LQMHFWLRQ HQKDQFHV GURSOHW GHWDFKPHQW IURP WKH*'/ VXUIDFH$OWKRXJKQRW





PLQDQG WKHSLQQLQJGHZHWWLQJSKHQRPHQD7KLV ILJXUH VKRZV WKHPHDVXUHGGURSOHWYROXPH VROLG OLQHDQGVWDWLFFRQWDFW DQJOH V\PEROVDV
IXQFWLRQVRIWLPHIRU37)(WUHDWHGDQGXQWUHDWHG*'/VE(IIHFWRILQMHFWLRQUDWHRQDGKHVLRQIRUFHIRU37)(WUHDWHG*'/>@
)LJVKRZVWKHUHVXOWVRIEUHDNWKURXJKSUHVVXUHDVDIXQFWLRQRI*'/WKLFNQHVV$KLJKHUEUHDNWKURXJKSUHVVXUH
LV REVHUYHG DV LQFUHDVHG*'/ WKLFNQHVVZKLFK LPSOLHV ORQJHU IORZSDWKZD\V DQG DQ LQFUHDVHGQXPEHU RI SRUHV
OLTXLGZDWHUPXVWILOOEHIRUHUHDFKLQJWKHVXUIDFH7KLVUHVXOWGHPRQVWUDWHVUHGXFHGEUHDNWKURXJKSUHVVXUHDWORZHU
37)( ZHLJKWV DQG DQ LQFUHDVLQJ UDWKHU WKDQ ORJDULWKPLFDOO\ SODWHDXLQJ WUHQG DW KLJKHU ORDGLQJV 7KH KLJKHU
EUHDNWKURXJK SUHVVXUH DW HOHYDWHG 37)( ORDGLQJV LV GXH WR WKH KHWHURJHQHRXV GLVWULEXWLRQ RI 37)( DV VKRZQ LQ
6(0LPDJHVLQ)LJ WKDWUHGXFHVWKHQXPEHURISRUHVDYDLODEOH WRZDWHU LQYDVLRQ7KLVUHVXOWPDWFKHVZLWKWKH
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7KH LPSDFW RI LQMHFWLRQ UDWH VKRZHG WKDW KLJKHU IORZ UDWHV UHVXOWV LQ ORZHU DGKHVLRQ IRUFHV SHUKDSV GXH WR WKH
NLQHWLFHIIHFWVDQGGLIIHUHQWZDWHUWUDQVSRUWSDWKZD\V%UHDNWKURXJKSUHVVXUHPHDVXUHPHQWVVKRZHGWKDWLQFUHDVLQJ
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